Abstract: Camptothecin (CPT) has anticancer, antiviral, and antifungal properties. However, there is a dearth of information about antibacterial activity of CPT. Therefore, in this study, we investigated the inhibitory effect of CPT on Acidovorax avenae subsp. avenae strain RS-2, the pathogen of rice bacterial brown stripe, by measuring cell growth, DNA damage, cell membrane integrity, the expression of secretion systems, and topoisomerase-related genes, as well as the secretion of effector protein Hcp. Results indicated that CPT solutions at 0.05, 0.25, and 0.50 mg/mL inhibited the growth of strain RS-2 in vitro, while the inhibitory efficiency increased with an increase in CPT concentration, pH, and incubation time. Furthermore, CPT treatment affected bacterial growth and replication by causing membrane damage, which was evidenced by transmission electron microscopic observation and live/dead cell staining. In addition, quantitative real-time PCR analysis indicated that CPT treatment caused differential expression of eight secretion system-related genes and one topoisomerase-related gene, while the up-regulated expression of hcp could be justified by the increased secretion of Hcp based on the ELISA test. Overall, this study indicated that CPT has the potential to control the bacterial brown stripe pathogen of rice.
Introduction
Camptothecin (CPT), a monoterpenoid indole alkaloid, exhibits promising anticancer and antimicrobial properties [1] [2] [3] . Several studies have found that CPT has potential inhibitory activities against many kinds of fungi, such as Rhizoctonia solani, Sphaerotheca fuliginea, Pseudoperonospora cubensis, and yeast [1, 4] . However, the anticancer and antimicrobial mechanism of CPT was not clearly elucidated until studies showed the inhibitory effect of CPT on the activity of nuclear protein topoisomerase I (Topo I) [5, 6] . Topo I is a nuclear enzyme that catalyzes the breakage and rejoining bonds, which is required for DNA transcription, synthesis, and replication [7] . Furthermore, a cellular poison complex, Topo I-CPT, forms in eukaryotic cells when CPT permeates into them [8] .
Little information is available about the antibacterial activity of CPT against plant pathogenic bacteria, in particular Acidovorax avenae subsp. avenae (Aaa), the pathogen of rice bacterial brown stripe, which has received increased attention in China in recent years [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . Moreover, this pathogenic bacterium has also been reported to be able to infect corn, oats, sugarcane, millet, and foxtail [20] . Due to its ability to spread over long distances through contaminated seeds [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] , the need to develop an effective control method for the management of this pathogen is on the rise in rice-growing countries of the world.
Fortunately, genome-wide in silico analysis has identified six topoisomerase-related genes and a large number of secretion system-related genes in Aaa strain RS-2. The topoisomerase-related genes have been found to function in the response of fungal pathogen to CPT [5] [6] [7] [8] . Furthermore, our previous studies have indicated that the secretion system, in particular T6SS, is closely associated with bacterial virulence and its resistance to various stressors, which functions through the secretion of effector protein Hcp or vgrG [12, 13, 18, 22] . Therefore, it is of interest to investigate the involvement of topoisomerase-and secretion system-related genes in the response of Aaa strain RS-2 to CPT.
The aim of this study was to examine the in vitro antibacterial effect of CPT on Aaa strain RS-2 through growth measurement, transmission electron microscopic observation, live/dead cell staining, ELISA tests, and real-time quantitative PCR analysis.
Results and Discussion

Antibacterial Activity of CPT
To investigate whether CPT has an antibacterial effect, we performed a growth experiment with Aaa strain RS-2. The results indicated that CPT concentrations of 0.05, 0.25, and 0.50 mg/mL caused 18.84%, 40.24%, and 65.72% reduction, respectively, in the OD600 values after 8 h of incubation compared to the control ( Figure 1 ). No inhibitory effect was observed when CPT concentration was lower than 0.01 mg/mL (data not shown). In general, CPT solutions at the three different concentrations showed effective antibacterial activity against Aaa strain RS-2 when compared to the control. This revealed that CPT has potential in controlling rice disease caused by this bacterial pathogen. Nowadays, the application of pesticide in agriculture has been restricted due to the risk that it poses to human health and the environment. In addition, biological control is often affected by changing environmental conditions. The result of this study has provided an alternative to control plant disease. Furthermore, the inhibitory effect of CPT against strain RS-2 increased with an increase in CPT concentration, which was consistent with the result of Mao et al. [23] , who found that the antifungal effect was significantly affected by the concentration of CPT. Effect of CPT at different concentrations on the antibacterial activity of Acidovorax avenae subsp. avenae strain RS-2. *: p < 0.05; ***: p < 0.001. Error bars represent the standard error of the mean (n = 6). Data are from a representative experiment repeated twice with similar results.
Effect of Incubation Time on Antibacterial Activity
To investigate whether incubation time influences the antibacterial activity of CPT, we performed an experiment of growth kinetics with Aaa strain RS-2. The results indicated that the cell number of strain RS-2 increased with an increase in incubation time. However, the addition of CPT caused 35.40%, 47.06%, 58.08%, and 65.72% reduction in the OD600 values of Aaa strain RS-2 after 2, 4, 6, and 8 h of incubation, respectively, compared to the control (Figure 2 ). The inhibitory effect of CPT on strain RS-2 increased with an increase in incubation time, which revealed that the antibacterial activity of CPT against strain RS-2 was affected by the incubation time. In general, a CPT concentration of 0.5 mg/mL had a strong inhibitory effect against Aaa strain RS-2 regardless of the incubation time.
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Effect of the pH Value on Antibacterial Activity
To investigate whether the antibacterial activity of CPT was affected by acidic or alkaline conditions, we performed an experiment of growth kinetics with Aaa strain RS-2 incubated at different pH values. The results indicated that the addition of CPT caused 34.08%, 64.76%, and 73.89% reduction in the OD600 values of Aaa strain RS-2 at pH values of 6.5, 7.0, and 7.5 respectively, compared to the corresponding controls ( Figure 3 ). Overall, a CPT concentration of 0.5 mg/mL had a significant inhibition on the growth of Aaa strain RS-2 compared to the control regardless of the pH of the half-strength LB broth, suggesting that CPT could be applied in soils with different pH values. Furthermore, the inhibitory effect of CPT at a concentration of 0.5 mg/mL on Aaa strain RS-2 increased with an increase in the pH value of the broth, indicating that CPT had a greater antibacterial activity against strain RS-2 in a mildly alkaline environment than in a mildly acidic environment. 
Effect of Incubation Time on Antibacterial Activity
Effect of the pH Value on Antibacterial Activity
Swarming Motility
To investigate whether CPT can affect bacterial movement, we performed an experiment of swarming motility with Aaa strain RS-2. The results indicated that the colony diameter of strain RS-2 is 10.0, 14.5, 20.0, 25.0, and 36.5 mm in the absence of CPT, while the colony diameter of strain RS-2 is 10.0, 11.0, 14.2, 18.0, and 29 mm in the presence of CPT, after 0, 24, 48, 72, and 96 h of incubation time respectively (Figure 4 ). It is obvious that a CPT concentration of 0.5 mg/mL had a significant inhibition on the swarming motility of Aaa strain RS-2 regardless of the incubation time. Although the colony diameter of strain RS-2 increased with an increase in incubation time, the addition of CPT caused a 24.1%, 29.0%, 28.0%, and 20.5% reduction in the colony diameter compared to the corresponding controls at 24, 48, 72, and 96 h of incubation time, respectively. Interestingly, the swarming motility has been reported to be frequently linked with bacterial growth, propagation, and virulence [14, 24] . Therefore, the reduction in swarming motility is considered to be consistent with the antibacterial activity of CPT against Aaa strain RS-2.
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Live/Dead Cell Staining
To understand the mechanism underlying the antibacterial activity of CPT, we performed an experiment of live/dead cell staining with cells of Aaa strain RS-2 exposed to CPT for 8 h. The results indicated that in the absence of CPT, live bacteria with intact membranes fluoresce green (Figure 5a ), while dead bacteria fluoresce red (Figure 5b ). Interestingly, bacterial cells continued to fluoresce green when exposed to CPT (Figure 5c ). However, the number of cells was dramatically reduced when bacteria were exposed to CPT, indicating an inhibition of bacterial growth and replication. Therefore, it seems that CPT has a bacteriostatic effect rather than bactericidal effect on strain RS-2. 
Transmission Electron Microscopy (TEM)
To investigate the effect of CPT on the structural integrity of cells, we performed a TEM analysis with Aaa strain RS-2. The TEM images indicated that the control cells had intact and apparent cell membranes (Figure 6a,c,e) . However, after exposure of Aaa strain RS-2 to 0.5 mg/mL of CPT for 8 h, the intracellular substances degraded and some bacterial cells formed vacuole-like structures (Figure 6b,d) . Furthermore, the cell surface became rough and abnormal, and there was evidence of cytoplasmic condensation (Figure 6f ). In addition, in the presence of CPT there was about a 5.0% increase in release of the intracellular nucleic acids and proteins in Aaa strain RS-2 based on membrane integrity monitoring method [12] , justifying the result of the TEM micrographs. Therefore, it could be inferred that CPT caused a slight damage to the bacterial membranes.
Our previous report indicated that the antimicrobial ability of CPT may be at least partially attributed to the lysis of the cytoplasmic membrane [23] , although the impedance in the DNA transcription, synthesis, and replication has been regarded as the main antimicrobial mechanism of CPT [25] . Furthermore, membrane damage has been found to be an important event in the inactivation of bacteria by high pressure, but the nature of membrane damage and its relation to cell death may differ between species and phases of growth [26] . In this study, membrane damage affected bacterial growth and replication but did not cause bacterial death, which was confirmed by the results of live/dead cell staining. Therefore, it could be concluded that CPT demonstrated a bacteriostatic action against Aaa strain RS-2. 
Secretion of Effector Protein Hcp
To understand the role of T6SS in the response of Aaa strain RS-2 to CPT, we performed an ELISA experiment with the polyclonal antibody of effector protein Hcp. A standard curve of Hcp protein was drawn based on the OD value-concentration of Hcp protein, which was determined using an indirect ELISA method (Figure 7a ). In this study, the standard curve of Hcp protein was represented as y = 72.634x + 0.0276 (R 2 = 0.9993) (Figure 7b ). The reliability of the standard curve was justified by the high correlation coefficient in this study. There was a positive ELISA reaction for Hcp protein in the culture broth of strain RS-1 in the presence of 0.5 mg/mL CPT, while a negative ELISA reaction for Hcp protein was observed in culture broth of strain RS-2 in the absence of CPT (Figure 7c ). Quantitative analysis indicated that the concentration of Hcp in the CPT treated sample and the positive control is 0.017 and 0.012 mg/mL, respectively, based on the standard curve. The result of this study suggests that the addition of CPT caused an increased secretion of Hcp protein in live bacteria, which resulted from the bacteriostatic effect of CPT, based on the live/dead cell staining analysis of Aaa strain RS-2. Ho et al. [27] found that membrane damage was able to induce the T6SS, therefore, it could be suggested that the increased secretion of Hcp protein may be partially attributed to membrane damage. 
Differential Gene Expression
To identify the differentially expressed genes involved in the response of Aaa strain RS-2 to CPT, we performed quantitative real-time PCR (qPCR) experiments. The qPCR primers for secretion systemor topoisomerase-related genes were validated in this study using the conventional PCR reaction (Table 1, Figure 8 ), while the expressions of these genes are illustrated in Figure 9 , which revealed that compared to the pathogen control, the addition of CPT caused 3.17, 3.20, 3.36, 3.04, 2.06, 1.03, and 1.04-fold down-regulation in the expression of genes encoding Lip, ClpA, protein F, ImpJ, ImpG, topB, and gyrA; and 9. 50, 6.16, 3.72, 1.28, 3.26, 1.25, 1.16 , and 1.53-fold up-regulation in the expression of genes encoding porin, vgr-1, hcp, TomB, gyrB, parE, parC, and topA, respectively. The results revealed that CPT caused differential regulation of the listed genes in Aaa strain RS-2.
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To identify the differentially expressed genes involved in the response of Aaa strain RS-2 to CPT, we performed quantitative real-time PCR (qPCR) experiments. The qPCR primers for secretion systemor topoisomerase-related genes were validated in this study using the conventional PCR reaction (Table 1, Figure 8 ), while the expressions of these genes are illustrated in Figure 9 , which revealed that compared to the pathogen control, the addition of CPT caused 3.17, 3.20, 3.36, 3.04, 2.06, 1.03 , and 1.04-fold down-regulation in the expression of genes encoding Lip, ClpA, protein F, ImpJ, ImpG, topB, and gyrA; and 9. 50, 6.16, 3.72, 1.28, 3.26, 1.25, 1.16 , and 1.53-fold up-regulation in the expression of genes encoding porin, vgr-1, hcp, TomB, gyrB, parE, parC, and topA, respectively. The results revealed that CPT caused differential regulation of the listed genes in Aaa strain RS-2. Among the 6 topoisomerase-related genes, CPT treatment caused a significant differential expression of gyrB gene, which encodes DNA gyrase B-subunit protein, and functions in bacterial transcription and replication processes. Furthermore, the greatest change in expression of secretion system-related genes by CPT was for the porin gene, which has been reported to be associated with bacterial survival and its response to bactericidal compounds [28] . The significant change induced by CPT was also observed in the T6SS genes such as those encoding RND efflux system outer membrane lipoprotein (vgr-1), ATP-dependent Clp protease (ClpA), ImpJ, ImpG, and Lip. Interestingly, T6SS genes have been reported to play an important role in various aspects such as bacterial virulence, survival, biofilm formation, EPS production, and resistance to different environmental stressors [29] [30] [31] [32] [33] [34] [35] [36] . In agreement with the down-regulated expression of ClpA in this study, Yang et al. [12] found that the expression of Clp was down-regulated by chitosan. Therefore, it could be inferred that these differentially expressed genes may be involved in the response of Aaa strain RS-2 to CPT.
Experimental Section
Materials
CPT natural product was purchased from Hubei Widely Chemical Technology Co., Ltd. (Wuhan, China) and was kept in a refrigerator at´20˝C before use. Stock solution of CPT (10 mg/mL) was prepared in 1.0% dimethyl sulfoxide (DMSO) with pH of 7.0, and filtered by 0.22 µm membranes (Millipore, Bedford, TX, USA). Controls were prepared in the same way but without added CPT. Strain RS-2 of A. avenae subsp. avenae was isolated from natural diseased rice plants in the fields. The bacterial strain was routinely grown and maintained at 30˝C using Luria-Bertani (LB) agar plates as described in strain RS-1 [9] .
In Vitro Antibacterial Activity of CPT
CPT solutions of 5 mL were prepared by adding CPT stock to half-strength LB broth to give a final CPT concentration of 0.05, 0.25, and 0.50 mg/mL, respectively, while 1.0% DMSO solution with the same pH was used as the control. The effect of concentration on the antibacterial activity of CPT against Aaa strain RS-2 was evaluated by inoculating 100 µL of an overnight bacterial culture into CPT solutions of different concentrations, and incubating at 30˝C with 160 rpm for 8 h. The effect of incubation time on the antibacterial activity of CPT against Aaa strain RS-2 was examined by inoculating 100 µL of an overnight bacterial culture into CPT solution of 0.50 mg/mL and the mixture was then incubated at 160 rpm for 0, 2, 4, 6, and 8 h, respectively. The effect of pH on the antibacterial activity of CPT against Aaa strain RS-2 was evaluated by inoculating 100 µL of an overnight bacterial culture into CPT solutions of 0.50 mg/mL with a final pH value of 6.5, 7.0, and 7.5, respectively, and incubating at 160 rpm for 8 h. The bacterial numbers were determined according to the method of Cui et al. [13] by measuring the optical density at 600 nm using a Thermo Multiskan EX Micro plate Photometer (Thermo Fisher Scientific Inc., Waltham, MA, USA). Six replicates were prepared for each treatment, and the experiment was repeated twice.
Swarming Motility
Swarming motility of Aaa strain RS-2 was examined on LB broth supplement with 0.7% (w/v) agar (Difco, Franklin Lakes, NJ, USA) [37] . Bacteria were grown in LB broth overnight at 30˝C. Following centrifugation at 8000 g for 2 min at 4˝C, the pellets were washed twice with ddH 2 O, and then resuspended in ddH 2 O up to a final concentration of OD600 of 1.0. Five microliters of bacterial suspension were spotted onto the center of the LB plates (diameter, 90 mm) with and without 0.5 mg/mL CPT. The LB plates were incubated at 30˝C for 4 days. The motility of Aaa strain RS-2 was determined by measuring the migration zones as described previously [14] .
Live/Dead Cell Staining
Live/dead (BacLight bacterial viability kit; Invitrogen) staining was carried out on bacterial cells exposed to 0.50 mg/mL CPT. In addition, the validity of this kit was justified by staining of live and dead bacteria, respectively. Live bacteria were directly collected from the negative control, while dead bacteria were obtained by treating the same number of live bacteria with isopropanol according to the instruction of the kit. This kit contains two nucleic acid stains, propidium iodide stain (a red-fluorescent), and SYTO 9 stain (a green-fluorescent). The staining procedure was performed according to the manufactures' instructions (BacLight bacterial viability kit; Invitrogen). Fluorescence was then observed as described by Cui et al. [38] with an inverted confocal fluorescence microscope (Olympus DP50 BX 51, Tokyo, Japan).
Transmission Electron Microscopy (TEM)
Aaa strain RS-2 was prepared for TEM analysis as described previously [39] . Described briefly, bacteria were inoculated into CPT solution of 0.5 mg/mL to give a final bacterial concentration of 10 8 CFU/mL and then the mixture was incubated on a rotary shaker (160 rpm) at 30˝C for 8 h. After centrifugation at 8000 g for 10 min at 4˝C, bacterial cells were washed twice with 0.1 mol/L phosphate buffered saline (PBS) solution at pH 7.2 and fixed with 2.5% (v/v) glutaraldehydein. Post-fixation was carried out in 1% (w/v) osmium tetroxide in 0.1 mol/L PBS for 1 h at room temperature followed by dehydration at 4˝C for 15 min in a graded series of ethanol solutions (70%, 80%, 90%, 95%, and 100%, v/v) and embedded in Epon812, a low-viscosity embedding medium. Thin sections of the specimens were cut with a diamond knife on an Ultra microtome (Super Nova; Reichert-Jung Optische Werke, Vienna, Austria) and the sections were double-stained with saturated uranyl acetate and lead citrate. The grids were examined with a JEM-1230 transmission electron microscope (Hitachi, Tokyo, Japan) at an operating voltage of 75 kV.
Measurement of the Secreted Hcp by ELISA
Enzyme-linked immune sorbent assay (ELISA) was used for the measurement of the secreted Hcp, which has been found to be involved in the bacterial virulence and resistance to various stressors [13, 15, 18] . The ELISA was performed in a 96 microtiter plate by pipetting 100 µL of the polyclonal antibody into the wells of the plate [40] . The polyclonal antisera was generated by immunizing rabbits with the Hcp-His fusion protein as described [41] . Following the examination of the sensitivity and specificity [22] , the polyclonal antisera at a 1:5000 dilution was used for the detection of Hcp secreted from Aaa strain RS-2 in the presence or absence of 0.5 mg/mL CPT. The absorbance (optical density) of each well was recorded using an ELISA plate reader at 450 nm. The quantity of the secreted Hcp protein was determined based on a standard curve, which was generated by relating the optical density with the concentration of the purified Hcp protein.
3.7. RNA Isolation and Real-Time Quantitative PCR Table 1 presents qRT-PCR primers of 6 topoisomerase-related genes and 9 secretion system-related genes. The selection of these virulence-related gene transcripts was mainly based on the findings of previous studies, which were conducted on strain RS-1 of Aaa [12] [13] [14] [15] . Furthermore, 16S ribosomal DNA (rDNA), an internal control gene, was used as the reference. The accuracy and specificity of the designed qPCR primers were validated by the conventional PCR, which was performed with the following conditions: 95˝C for 30 s; followed by 40 cycles at 95˝C for 5 s and 60˝C for 34 s.
After incubation of Aaa strain RS-2 in 0.5 mg/mL CPT solution for 8 h, bacterial cells were harvested and used for total RNA extraction, which were performed using RNeasy Mini Kit according to the manufacturer's instruction (QIAGEN Co., Ltd., Shanghai, China). Purified RNAs were suspended in 50-100 µL of 0.1% DEPC (dimethyl-pyrocarbonate)-treated water. RNA concentrations were calculated by measuring absorbance at 260 nm using a Nanodrop 2000C spectrophotometer (Thermo Fisher Scientific, Lanham, MD, USA). The cDNA was synthesized with a TransScript One-Step gDNA Removal and cDNA Synthesis SuperMix (TaKaRa, Dalian, China), which was then used directly as the template for qRT-PCR using a SYBR ® Premix Ex Taq™ (Tli RNase HPlus) (TaKaRa, Dalian, China) following the instruction of the kit's manual on an ABI Prism 7500 sequence detection system (Applied Biosystems, Foster City, CA, USA). Normalized expression levels of the target gene transcripts were calculated relative to the 16S rDNA gene using the ∆∆Ct method, where Ct is the threshold cycle. Each result represents the average of three independent determinations. qRT-PCR was performed with the following conditions: 95˝C for 30 s; followed by 40 cycles at 95˝C for 5 s and 60˝C for 34 s, followed by a standard melting curve stage. Finally, the expression levels of the target gene transcripts were calculated using the 2´∆ ∆Ct method.
Statistical Analyses
The software STATGRAPHICS Plus, version 4.0 (Copyright Manugistics Group Inc., Rockville, MD, USA) was used to perform the statistical analyses. Levels of significance (p < 0.05) of main treatments and their interactions were calculated by an analysis of variance after testing for normality and variance homogeneity.
Conclusions
Results from this study indicated that CPT solutions at 0.05, 0.25, and 0.50 mg/mL inhibited the growth of Aaa strain RS-2, and the inhibitory effect depends on the concentration, pH, and incubation time. Furthermore, the antibacterial activity of CPT was supported by the result of TEM observations and live/dead cell staining analysis. In addition, qRT-PCR results indicated that exposure of Aaa strain RS-2 to CPT caused differential expression of one topoisomerase-related gene and eight secretion system-related genes, while an increased secretion of Hcp protein in live bacteria was detected by ELISA analysis using Hcp antiserum. Overall, the results of this study revealed that CPT has a potential to control the bacterial brown stripe pathogen of rice.
